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TiO2 Nanotube Arrays Electrode Prepared by Anodic Oxidation and Its

Photoelectrochemical Properties
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sity, Tianjin 300072, China)

Abstract: TiO2 nanotube arrays photoelectrodes were fabricated by anodic oxidation on a pure titanium

sheet. The morphology and structure of the nanotube arrays were characterized by SEM and XRD.

Oxidation parameters for preparation were investigated. The photoelectrochemical properties of the TiO2

nanotube arrays electrodes were evaluated by steady-state photocurrent response. The results show that

the vertical oriented TiO2 nanotube arrays can be obtained at 20V for 30min in 1wt% HF solution. And

the aperture size of nanotubes is about 90nm and the thickness of tube wall is about 10nm. The structure of

nanotube arrays is a mixture of anatase and rutile through annealed at 600◦C. The results of photoelectric

testing show that photoelectrochemical properties of TiO2 nanotube arrays electrode annealed at 600◦C

are optimum. Compared with TiO2 nanoporous films, the properties of the TiO2 nanotube arrays are

enhanced remarkably.
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350 , 3 H � m ! 22 �x� TiO2 lYt�l&JB- sol-gele�B [7] �l"�_B [8] �*\7B [9] ��o\7B [10]  ��TVJBe
e�/�oo*�h��`W=�<�.�� TiO2 lYtj;8�U-^℄2#�Crd`(0w*��E!�h
*:� Pu  # [11] M(�:��BCN2�5_il&��NlYt�!� Grimes  # [12,13] ℄
>{B�S
TiO2 lYtC Ti 2�5�-UBY� <o0 Ti26℄l& TiO2 lYt��(0w*�odr�w� �8Q#��)h
M(�:��BC��5l&�Std�O�|EzG� TiO2 lYtXE�/(0_*�=�y (SEM) � X ;C};�
(XRD) 7lYtXE�^T�
noa6[�I7ÆV>�:��*s�*fÆz3�E!NM h�Oj7�^T�$L�<��w*KL!
M0>Y TiO2 lYtXE*:�w*�o~d�
2 i�+*
2.1 TiO2 `\7�V$��Q�M(��� (�3� 0.1mm) w3� 99.5%,GN_ 6cm×1cm, �|oa5W}w�9�Z?�ok+ 30min ��o}w 10min, }wÆ�_� HF:

HNO3: H2O=1:4:5(�7,), �(�&�lf2	(�℄$:�(?�
7*:�C HF *fÆq�lC����h�Ojoa�:��Q�����`M(x6Z��E!�.��U��i0�&�lqq~f2�\E�K)RSLqoa�+o*�D$s3 10◦C/min, �$ 2h ��$�f℄$>�� Ti 2 TiO2 lYtXEw*:�
2.2 J3.uÆ|Y��

TiO2 lYtXE�t[�
nM( PANALYT-

ICALjn� X’ Pert Pro[ X;C};� (XRD)6[�Co � KαP;�t*s 40kV,t*K 40mA,0_G� 20◦ ∼80◦, M( Scherrer jVCu TiO2 ���t4e��D = 0.89λ/βcosθ, Vq D ������t4e� (nm), λ� X;C=Y (0.17890nm), β ��`�3 (rad), θ �};[ (◦), TiO2 
nql�K[yK,1/(jVCu�XR = (1+0.8IA/IR)−1,Vq XR �l�K[
nyK,1�IA �,��[
TiO2 � [101] };O��3� IR �l�K[ TiO2� [110] };O��3�6℄^T�� TESCAN jn� VEGA TS-5130SB [0_*�=�y (SEM)qV�
2.3 :'A��
�lw*drR_C�K�q��w'-*:�3

qoa� TiO2/Ti XE*:
�h
*: (℄7� 1cm2), Tw*:��℄7 Pt ����℄k*:
(SCE) 
�O,*:�'qyh* �F70{O,*:� 0.5mol·L−1 Na2SO4 �^b*fn��5&Æ�(M0w�o_B��&�l�l�M(5�[�jn� CHI660B [*�oh
LR_w*KL!�C��Qw7� 8W��� (365nm), w73*:��&�b 5cm C3�
3 I;>nW
3.1 �p	A1�('D|Y$
z�>,^���S7 TiO2 lYtXE^T�$L�*VM7CC����*s�*fÆz3�E!NM:l& TiO2 lYtXEoaÆV�� 1 ���C 0.5wt% HF *fÆq�C���*s:�E!NM 30min ^_� TiO2 h�0_*y (SEM) Q��~�q���j�C 10V ��*s:^_� TiO2 h�CzG�:�
n��|�
30∼40nm. w}��*s�D`��|I��C��*s� 20V N� TiO2 :�h6℄��3�aMj?M4�3�C�7k�^_-{02�t{XE
n (� 1(d)), t�o|:� 80nm. ��*sEkD`� 30V, t{XE
nQG�*:6℄
n3�=P.M�� 2 ���C��*s 20V :C�z3 HF *fÆqE! 30min ^_� TiO2 h� SEM Q��~�q���j� HF z3� 0.2wt% N^_� TiO2h�CzG�Z{
n�h6℄ -f:U-&f� TiO2; w} HF z3�J��h6℄ TiO2 &f���^_�j?t{
n (Q� 1(b)); 
 HFz3I�� 1wt% N�t{
neJ
=�t�o|I��: 90nm,t13�:� 10nm, <�XE5Ji{PH TiO2(Q� 2(b)) ��2)�k�
 HF z3EkI�f 2wt% N� TiO2 lYtXE�FM?BUO&f�6℄3�C7k��{
n (Q� 2(c)).��C 0.5wt% HF*fÆq�20V��*s:�C�E!NM^_� TiO2 h^T�'� 3 yX�~�q���j���C��h
�C6℄^_�:����|:� 20nm. w}E!NM�IJ��|I����M4�
U&f�o<^_td�OBY�t{XE
n (Q� 1(b)). EkyYE!NM??t{
nQG�6℄5j?�:S���
(Q� 3(b)), d|:� 10nm, T�r\E!NM�Y�h TiO2 lYt1
n&f������FM� TiO2 lYt1&fE:�FM�
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Æ 1 B
)r9 TiO2 kXsWD� SEM P�
Fig. 1 SEM photographs of TiO2 films anodized in 0.5wt% HF solution with different voltages

(a) 10V; (b) 20V; (c) 30V; (d) 20V cross-section

Æ 2 B
)e
y29 TiO2 kXsWD� SEM P�
Fig. 2 SEM photographs of TiO2 films anodized at 20V with different electrolyte concentration

(a) 0.2wt%; (b) 1.0wt%; (c) 2.0wt%

Æ 3 B
D MLk%� TiO2 g� SEM P�
Fig. 3 SEM photographs of TiO2 films anodized at 20V in 0.5wt% HF solution with different reaction time

(a) 10min; (b) 50min
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352 , 3 H � m ! 22 �� 1 TiO2 ^Z5�T#y��=dOMR�!
Table 1 Phase composition and average grain size of the TiO2 nanotube arrays

Calcination Crystallite size Crystallite size Rutile by
Sample

temperature/◦C of anatase/nm of rutile/nm XRD/%

a As-fabricated — — 0

b 400 17.45 — 0

c 500 17.83 18.04 14.85

d 600 18.48 19.01 47.70

e 700 — 23.42 100A��g��(%�pT��v|C��m_���4[��f�z1$A42�
=" → ~ →=" → �" → �" → ~ → =" → �" → �#��8aj 4min. Su	[)/��C�	T��4[��f��1A4H��ÆguA�[<A	xD^�	�3xg���(q�(d�x1�C�LK.[ TiO2 jWrVC\^�s	"J�p�	F�8��(q� 20V, (d�x1� 1.0wt%, C�LK��jA 30min �.�Ay���R8�,�{CyF�rbÆM� TiO2 jWrVC (P

1(d)).

3.2 XRD H2,t
 4 � TiO2 jWrVC6T{�A	"1�)m'� XRD�
	)
 4�_��u�)m'���i>�{9N5�/ Ti 0��}YN�ma6T{� TiO2 jWr�+,Yal�)/jWrVCÆ��x��
o�i>&Y�+,Y.9}YN�u 400◦C �)m'����i>*��Y�}Y{9N�ma TiO2 jWru 400◦C m'��	Ty2�*��Yal�r3d�8� 17.45nm;

Æ 4 TiO2 kXsWD� XRD 	Æ
Fig. 4 XRD patterns of TiO2 nanotubes arrays

annealed at different temperatures

(a) As-fabricated; (b) 400◦C; (c) 500◦C; (d) 600◦C

u 500◦C�)��*��Yal	Ty2�i�IYal�ÆxJ*0℄7�8� 14.85%;;u 600◦C�)��i�IY TiO2 �}Y{9N;Ia*�9Dr3d�m�D2��ma TiO2 jWrardI�\�i�IY�:�^��� 47.7%; �)"1DjC^e 700◦C, *��{9NPF�4a*��Yal���y2�i�IYal	�3xg�u 600◦C �)m'� TiO2 jWrVC�*

Æ 5 B
#2�*n(� TiO2 kXsWD)9�v)JK �B
Fig. 5 Photocurrent against potential for TiO2

nanotube arrays electrodes annealed at different

temperatures

Æ 6 TiO2 kXs)92kX9�g)9�v)JK 6+Æ
Fig. 6 Photocurrent against potential of TiO2

nanotube arrays electrode and nano-porous films

electrode
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2 � + ���Æ�9��Ak% TiO2 kXsWD;�v)
qu~ 353��Y1i�IY�%ral�G5�D�^���r3d�a�C/4 1.

3.3 8%?�}a�k�<t} TiO2 jWrVC(8�u(�lbp�(f�A 0.0∼0.6VF�n�Q,<A	"1�)m'� TiO2 jWr(8A~��8({u(Iv�I(q2��J��A (P
 5). }
o���i�b(8�u(I�v|�I(q�H�;H��:�u(IJ�v|�)"1�C^;tTH���C^� 700◦C L�u(I	T<�OR�=u 600◦C �)m'� TiO2 jWr(8�u(IJ�	�	Sma�,%ral� TiO2 jWr(8�u(y!bp*
v*��Y(8	��;>i<8���%rT��	 TiO2 jWr(8oi�IYal�:�HI,-/(8u(bp��^	 Bickley R I � [14] $�%ral��p,T�m(� - �p5�L%��^u(�l'b	�I[i�IY TiO2 �p��1 (Eg=3.0eV) R/*��Y TiO2(Eg=3.2eV), 5u�-&O�^�G�I[Sr%ral�p\^<#oV
�Æ��al�Ru�>I�AA	p?�Æ�`Kpd�xXÆad�;�^:�TO�S1%� [15] ��a�[#o�	�<m_*℄�(f�K&%W - vW�j$ TiO2 jW8�f(8 [16]. P~��t+��6?���t+�
�u
k
��8�=1:100:3:24(i=*)*0�:I(��>u (L�: 1000) 6g·L−1, A4Y��� TiO2 %W�?u� (r1 5cm·min−1),

600◦C '6 2h j�u0 TiO2 jW8�f(8	
 6 � TiO2 jWrVC(81 TiO2 jW8�f(8�u(IJ�5*
	}
o���i�A
0.0∼0.6V\aQ:F�n� TiO2 jWrVC(8�u(I��/jW8�f(8�A 0.3VL�∆iph��	��8� 10.67µA·cm−2. TiO2 jWrVC(8*+h8�f(8;Wid��u(y!bp	u	6�,
 (1)TiO2 jWrVC�}
��al�RÆ�,d��*4[6�H�<�Æ�(81(d��_l�,-/V!pm�5�ORg[(�� (2) )/jWrVC�,hal��rb/(84[�S�Ru�>I��pdMzO7�V!V
�O	

4 IWK&�8���A��3j$<rbÆM�
TiO2 jWrVC�rnz8� 90nm, r/8�
10nm, VC��18� 500nm. 	FC��R���(q 20V, HF (d�x1 1.0wt%, C�LK
30min. u 400◦C �)m'�� TiO2 jWrVC�*��Yal�v|�)"1�C^� TiO2 ���r3d�H��*��YaltTy2�i�IYal�u 600◦C �)m'�� TiO2 jWrVC2�*��Y1i�IY�%ral�Æoi�IY��:�^e 47.7%, ardI�\	u(bpQ^a�4a�u 600◦C �)m'� TiO2 jWrVC(8�u(�lbp	F�1 TiO2 jW8�f(8D*�u(bp�Q�^	�Prw
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